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Nitric oxide (NO) is required for plant development and re-
sponses to biotic and abiotic stresses [1,2]. NO can operate its sig-
naling properties by post-translational modiﬁcations of protein
targets, many of them belonging to regulatory pathways [1]. Con-
sequently, genome-wide NO-dependent reset of gene expression
has been observed both in mammals [3] and plants [4]. In animals,
NO is mainly produced by nitric oxide synthase (NOS) which oxi-
dizes L-Arg in an NADPH-dependent manner to produce L-citrulline
and NO [1]. In plants, no NOS has been characterized, although this
oxidative NO generating system seems to exist, justifying the use
of inhibitors such as L-NAME and L-NMMA. Only a GTPase acting
in the mitochondria, named NOA1 (NO associated 1 [5]) was
shown to indirectly affect NO accumulation [6].
A relationship between NO and oxidative stress was docu-
mented over a decade ago [7]. Production of S-nitrosothiols consti-
tutes NO pools in biological systems, generating reactive oxygen
species [8]. Interaction between NO, thiols and oxidative stress is
relevant for iron homeostasis regulation [9]. Iron can produce oxi-
dative stress and a NO burst involved in signaling pathways which
control the expression of genes required to maintain its homeosta-chemical Societies. Published by E
Physiologie Moléculaire des
Montpellier cedex 1, France.
ard).sis [10]. NO improves iron availability inside plants [11]. Its pro-
duction in response to iron excess or deﬁciency pathways, which
control the expression of genes, is required for iron uptake by roots
[12], and for iron storage by the protein ferritin [13]. Interestingly,
extremely low GSH conditions in yeast caused major alteration of
iron metabolism without signiﬁcantly impacting thiol redox con-
trol [14]. The principal aim of this study was to document the links
between iron, NO production, GSH content and AtFer1 ferritin gene
expression.2. Materials and methods
2.1. Plant materials and growth conditions
Arabidopsis Columbia ecotype (Col) and mutant lines atnoa1
(At3g47450), atpad2-1 (At4g23100) and atcad2-1(At4g23100)
[15–17] were grown on soil (Neuhaus, Klasman–Deilmann GmbH,
Geeste, Germany), in a growth chamber (23 C; 70% relative
humidity, 8 h light/16 h dark photoperiod; 220 lE m2 s1 light
intensity). Alternately, liquid cultures of surface-sterilized seeds
were done in 100 ml of half-strength Murashige and Skoog med-
ium (Sigma), pH 5.7, supplemented with 1% sucrose, 0.5 g L1
MES, 50 lM Fe(III)-EDTA. After one week at 24 C under continu-
ous light (100 lE m2 s1) and shaking (60 rpm), medium was dis-
carded and replaced by 100 ml of fresh medium. Plants were
grown 3 additional days before treatments.lsevier B.V. All rights reserved.
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Fig. 1. NO production in Fe(III)-citrate-treated Arabidopsis leaf discs. (A) Linearity
of DAF-leaf disc assay. Leaf discs were vacuum inﬁltrated with 10 lM DAF-FMDA,
and then incubated in 500 lM Fe(III)-citrate(j), 500 lM K2-citrate(h) or H2O(D).
DAF-FM ﬂuorescence was recorded every 15 min. Each value represents the
B. Touraine et al. / FEBS Letters 586 (2012) 880–883 8812.2. NO production measurement and imaging
Leaf discs of 7 mm diameter were obtained by die-cutting
leaves from 4-week-old plants. They were inﬁltrated for 10 min
with 10 lM DAF-FM-DA (Molecular Probes) in water. Leaf discs
were incubated 30 min in the dark, rinsed three times with
50 mM Tris–HCl, pH 7.5, and transferred onto 96-well plates con-
taining 180 ll of water. Before starting ﬂuorescence measure-
ments, iron-citrate or potassium-citrate were added to each well
to a ﬁnal concentration of 500 lM. Inﬁltration of leaf discs with
DAF-FM-DA, followed by three rinsing, avoid direct contact of Fe
and the probe. NO production was estimated each 15 min for at
least three hours using a ﬂuorometer (Victor2, Perkin–Elmer) with
485-nm excitation and 535-nm emission ﬁlters.
In vivo NO imaging was performed as described [18]. Images
were captured using an epiﬂuorescence microscope OLYMPUS
BX61 (excitation 450–490 nm, emission 500–530 nm) with a Ham-
amatsu ORCA AG camera.
2.3. Measurement of total GSH
Ten days old liquid cultured plants (0.1 g) were ground in liquid
nitrogen prior to addition of 500 ll 0.2 N HCl, 1 mM EDTA. After
two centrifugations (14,000 rpm), 300 ll of supernatant were ad-
justed to pH between 5 and 6 by adding 30 ll of 0.2 M NaH2PO4
pH 5.6 and NaOH 0.2 N. Glutathione was measured by the recy-
cling assay which relies on GR-dependant reduction of 5,50-dithi-
obis(2-nitro-benzoic acid) (DNTB Ellman’s reagent) as described
[19]. Measurements were performed in 96 well plates. Standards
were run concurrently in the same plates as triplicates of 0 to
1 nmole GSH in the well. To be within this linear range of GSH con-
centrations, the plant extract volumes per well was of 20 ll and
90 ll for Col or mutant lines, respectively.
2.4. Chemical treatments
Nx-Nitro-L-arginine methyl ester hydrochloride (L-NAME),
NG-Methyl-L-arginine acetate salt (L-NMMA), Carboxy-2-phenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxidepotassium salt (cPTIO),
L-buthionine-sulfoximine (BSO) and diethyl maleate (DEM) were
dissolved in water and used at the ﬁnal concentrations of 1 mM,
1 mM, 500 lM, 4 mM and 2 mM respectively.
L-NAME and L-NMMA are competitive inhibitors of L-Arginine,
the substrate of NOS in animals. cPTIO is a NO scavenger. BSO is
an inhibitor of the c-glutamyl cysteine synthetase, an enzyme
essential for GSH synthesis. DEM is a GSH scavenger.
2.5. Quantitative RT–PCR
RNAs were extracted from liquid grown plants with TRIzol re-
agent according to the manufacturer’s instructions (Invitrogen).
cDNA were produced as described [20]. Q-PCR were performed in
a LightCycler (Roche Applied Science) using FastStart DNA Master
PLUS Syber Green I (Roche Applied Science). AtFer1 relative
transcript level (RTL) was calculated relatively to PP2 using the
comparative threshold cycle method [20].mean ± se of 24 measurements (8 replicates per experiment performed 3 times).
(B) Inhibition of iron-mediated NO production. Leaf discs were treated with Fe(III)-
or K2- citrate in the absence or the presence of 1 mM L-NAME, 1 mM L-NMMA or
500 lM cPTIO. NO production measured after 3 h of treatment is expressed as a
percentage of the maximal response measured in wild-type leaf discs in response to
Fe minus response to K. Each value represents the mean ± S.E. of 24 measurements;
different letters (a or b) indicates statistical difference (t-test, P < 0.01). (C) In vivo
imaging of NO production. Leaf sections from 4-week old plants vacuum inﬁltrated
with 10 lM DAF-FM-DA, were maintained in the dark 30 min. After washing,
sections were afﬁxed between standard slide and coverslip in 20 ll of either
500 lM Fe(III)-citrate or 500 lM K2-citrate. DAF-FM ﬂuorescence images were
captured after 30 min of treatment. The experiment was repeated 3 times.3. Results
3.1. Iron mediated NO production in Arabidopsis leaf discs
To characterize iron-mediated NO production, leaf discs from
4-week old plants were treated with Fe(III)-citrate, K2-citrate or
water, in the presence of DAF. The iron treatment led to the linear
recording of DAF ﬂuorescence during the ﬁrst 5 h, which thenbecame saturable, reaching a plateau after 7 h (Fig. 1A). DAF ﬂuo-
rescence was 4 and 8-fold higher in iron treated leaf discs com-
pared to K2-citrate or water treated leaf discs, respectively.
Animal NOS inhibitors (L-NAME and L-NMMA) affect only slightly
iron-dependant NO production, whereas pre-treatment with cPTIO
led to a 10-fold decrease in DAF ﬂuorescence (Fig. 1B). After 30 min
of treatment, subcellular NO localization was visualized with a
much higher DAF ﬂuorescence level within the chloroplasts of
Fe(III)-citrate treated plants comparatively to K2-citrate treated
plants (Fig. 1C).
3.2. Glutathione requirement for iron-excess mediated NO production
Is iron-dependent NO production in leaf tissues correlated to
their GSH content? This was a legitimate question since iron inter-
action with NO and GSH potentially regulates the expression of
iron homeostasis genes [9]. To address this point, various Arabid-
opsis mutants affected in their GSH synthesis were used (Fig. 2).
A atnoa1mutant was used as negative control. atnoa1 plants exhib-
ited a GSH content identical to the one measured in the wildtype
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Fig. 2. NO production in Arabidopsis mutants affected or not in their GSH content.
(A) Total GSH content of plants grown 10 days in MS/2 liquid medium. Each value
represents the mean ± S.E. of 12 measurements (3 replicates per experiment
performed 4 times); different letters (a or b) indicates statistical difference (t-test,
P < 0.01). (B) NO production by leaf discs of various genotypes, after 3 h of
treatment, expressed as a percentage of the maximal production measured in wild-
type leaf discs in response to Fe(III)-citrate minus the value obtained in response to
K2-citrate . Each value represents the mean ± S.E. of 24 measurements; different
letters (a or b) indicates statistical difference (t-test, P < 0.01).
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Fig. 3. Impact of GSH biosynthesis inhibitors on iron-mediated NO production. (A)
Total GSH content in Col plants. Plants grown for 10 days in MS/2 medium were
treated 24 h with 4 mM BSO before iron treatment, or 30 min with 2 mM DEM
before iron treatment, or by combining both treatments. T0 corresponds to plants
harvested just before iron treatment. Each value represents the mean ± S.E. of 12
measurements; different letters (a, b or c) indicates statistical difference (t-test,
P < 0.01). (B) NO production by leaf discs treated with iron for 3 h, expressed as a
percentage of the maximal production measured in wild-type leaf discs in response
to Fe minus the value in response to K. Leaf discs were incubated in 50 mM Tris–HCl
pH 7.2 in the dark with or without 4 mM BSO for 24 h + 2 mM DEM added in the
medium 30 min before iron treatment. Each value represents the mean ± S.E. of 24
measurements; different letters (a or b) indicates statistical difference (t-test,
P < 0.01).
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Fig. 4. Iron-dependant AtFer1 mRNA abundance in different Arabidopsis genetic
backgrounds or in response to GSH inhibitors. (A) Iron-induced AtFer1 expression
measured by Q-PCR in Col and in mutants affected in GSH production (atpad2-1,
atcad2-1). atnoa1 was included as a control. Plants were grown in MS/2 liquid
medium for 10 days. The experiment was repeated 2 times. (B) AtFer1 RTL as in (A)
with 10-day old Col plants grown in MS/2 medium, treated or not with 2 mM DEM
for 30 min, 4 mM BSO for 24 h or 4 mM BSO 24 h + 2 mM DEM 30 min. Different
letters (a, b or c) indicates statistical difference (t-test, P < 0.01). (C) Plot of AtFer1
RTL as a function of GSH concentrations. RTL values obtained for the different
genotypes and the different treatments are those reported in Figs. 4A and B. GSH
concentrations are those reported in Figs. 2A and 3A.
882 B. Touraine et al. / FEBS Letters 586 (2012) 880–883plants (Fig. 2A). In contrast, atcad2-1 and atpad2-1 plants have a
ﬁve fold decrease in their GSH concentration (Fig. 2A). Leaf discs
iron-mediated NO production was decreased by 35% and 60% in at-pad2-1 and atcad2-1 respectively, when compared to Col, whereas
it was unchanged in atnoa1 (Fig. 2B). To conﬁrm these results, wild
type plants were subjected to a GSH scavenger (DEM), or to a GSH
synthesis inhibitor (BSO). DEM treatment of Col plants led to a 50%
decrease in GSH content, whereas BSO treatment or DEM and BSO
co-treatment almost completely abolished the presence of GSH
(Fig. 3A). DEM /BSO co-treatment of iron-treated Col leaf discs
led to a 75% decrease in NO production (Fig. 3B).
3.3. Glutathione threshold requirement for iron-mediated AtFer1
expression
Iron-mediated production of NO is more efﬁcient in plants unaf-
fected in their GSH content (Figs. 2 and 3). Iron-dependent expres-
sion of the AtFer1 gene depends upon a rapid NO burst following
iron application [10]. The inﬂuence of GSH content on AtFer1
mRNA abundance of iron treated plants was investigated in Ara-
bidopsis mutants exhibiting different levels of GSH, and in wild-
type Col plants treated with DEM, BSO, both or neither (Fig. 4A,
B). In atpad2-1, atcad2-1 and atnoa1, AtFer1 transcipt abundance
was similar to that in Col (Fig. 4 A). These plants contained
250 nmol GSH  g1 FW (Fig. 2A). A 60% decrease in AtFer1 mRNA
abundance was observed in Col treated with BSO or DEM + BSO
(Fig. 4B). These plants contained 10 nmol GSH  g1 FW (Fig. 3A).
Plotting the AtFer1 mRNA abundance as a function of GSH content
B. Touraine et al. / FEBS Letters 586 (2012) 880–883 883(Fig. 4C) revealed that a concentration above 50 nmol
GSH  g1FW, a value measured in atpad2-1 and atcad2-1 mutant
plants (Fig. 2A), did not inﬂuence the regulation of AtFer1 expres-
sion in response to iron (Figs. 4A, C). Consistently, DEM treated
Col plants, exhibiting a GSH concentration of 100 nmol
GSH  g1 FW (Figs. 3A and 4C), had a relative abundance of AtFer1
mRNA almost unchanged comparatively to untreated Col plants
(Figs. 4B and C).
4. Discussion
Our observation of iron-mediated NO production in leaf chloro-
plasts (Fig. 1) conﬁrms our previous observation using cell cultures
[10]. However, although plastids have been reported to play a cen-
tral role in NO synthesis and metabolism [21], other compartments
can be the sites of NO synthesis. For example, peroxisomes are re-
quired for in vivo nitric oxide accumulation in the cytosol follow-
ing salinity stress of Arabidopsis plants [22]. Also, plant tissues
can synthesize NO via the non-enzymatic reduction of apoplastic
nitrite [23]. Treatment with L-NAME or L-NMMA and mutation in
NOA1 do not affect AtFer1 gene expression nor iron-dependant
NO production (Figs. 2B and 4C and [10]).
Iron-mediated NO production in Arabidopsis leaf discs appears
to be GSH-dependent (Figs. 2 and 3) as reported previously for
mammals and humans where GSH depletion decreases iNOS
mRNA, protein, and activity [24,25]. The fact that the inhibition
of NO production in BSO plus DEM treated wildtype plants is not
very different from what is observed in the atcad2-1mutant plants
(compare Fig. 2B and 3B), and therefore does not correlate linearly
with the GSH content between the two types of plants (compare
Fig. 2A and 3A) can, however, be discussed. Whether the increase
in DAF ﬂuorescence measured in response to an iron excess origi-
nates from de novo NO synthesis or from the remobilisation of NO
from storage forms like GSNO, or both, remain to be determined.
Consequently, a strict linearity between GSH concentration and
NO production will not be necessarily observed. It is also likely that
the regulation of expression of the AtFer1 gene depends upon the
respective stoichiometry of GSH, NO and GSH–NO complexes,
which is unknown.The AtFer1 gene is used as a model to decipher
the transduction pathway enabling its de-repression in response to
iron, through NO production [10]. A 25–60% decrease in NO con-
tent in mutants bearing a 5-fold decrease in their GSH content
(Fig. 2A) is not sufﬁcient to perturb AtFer1 gene expression in re-
sponse to iron (Fig. 4A). A low GSH threshold, included between
10 and 50 nmol GSH  g1 FW, and leading to a 70% decrease in
NO production, correlates with a 60% decrease in AtFer1 transcript
abundance (Fig. 4C). In yeast, the function of GSH could be dual. At
a very low GSH level a vital function regulates iron metabolism,
whereas the non-essential cytosolic thiol-redox function of GSH re-
quires high levels of the tripeptide [14]. The GSH threshold below
which alteration of AtFer1 gene expression occurs is also very low
(Fig. 4C). Whether or not in yeast this low amount of GSH regulat-
ing iron metabolism is linked to a NO pathway remains to be
investigated.
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